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TESTS OrF EXHAUST PROPULSION NOZZLES

By Paul Je Campbell

- SUMMARY

The thrust produced by a variety of exhaust stacks and
nozzles, and the effect of these steoks and nozzles on the power
of a single-cylinder R-2800 engine were investigated over a wide
range of engine speeds and menifold pressures in a series of
tests in the Pratt & Whitney experimental test department. From
the datm obtaired it is possible to estimete the optimum form of
nozzles and the avallable thrust for airplanes fitted with R-2800
engines under sea~level condltions.

APPARATYUS

The apparatus is shown in figure l. The mean thrust of the
exhaust gas on the engine vms measured indirectly es a force in
the opposite direction against a swinging target. Tho mean foroe
against the target was balanoced by posltioning a welght on a
horlzontal arm, kxeycd to the shaft from whioch the targect was sus=
pended. The positlion of the weight was thus a measure of tho
thruste The target and arm wers supported on ball bearings.

The target was designed on the basis of prcvious experience
with tergets on oompressed air nozzles. Unless the jet 1s dis=-
persod vithin the target, the entire flow tends to leave at tho
rear, and air is actually drawn in through the romaining spaces,
causing the target to indicate more than the true reactions To
avold this error, the target vas provided with an internal oup=
shape baffle as shown in figure l. Callbrations with comproessed
air ovor a range of flows from zero to morc than three times the
maximum englnoe exhaust flow provod that tho design was satisfac=-
tory. later, observations of flamos loaving tho target indicatcd
that gasos loft the targot uniformly and at substantially right
anglos to it.




The target was enclosed in a 26~oubio-foot wmtor-jacketed
chamber, where the exhaust gas was oooled by sprays of water
before being dischargod through the rooi's The top of this
chamber was provided with ways so that the targot ocould be
looatod at various distances from the oylinder.

The testing was donc on the S-12 2800 single-cylinder engine,
nountod on the X-42 eddy~ocurrent Aynmpmoneters BEngine paris of
partiocular importance to thosgs were as Iollows:

Cylinder 57708 Rowdmal timing of cams
Piston 34254 and 37851 Intake onens 20° B.T.C.
Cam 8363 Inteko oloscs T52 AeB.Ce
Bxhaust opons  TG6° B.B.C.
Compression ratio me 6.7 Exhaust closes 20° A,T.Ce

Spork edvance was 200

Engine accessorios wore similar to thoso usually used for
singlo-cylindor testing by Prutt % Whitney. Combustion ailr was
supplied from tho factory compressors tlhrough a reduoing walve,

a Roots metor, and an elootrioc hsaters PFucl and watver coansumption
wore measured by rotametors,

The exhaust nozzles wore machined of steels. The warious
shopss of exhaust stacks were built up from sheot steosl and
steol tubinge Theso cre all shovm in figuroc 2. Tho entrance of
all stacks and norxzles was the same diamctor us the exhoust
port of the cylinders The arca of this port was 4.67 square inches.

METHGD

In order to find whether tho targect vould moasuro acourately
the thrust due to a jot, 1t was first ocsllbrated with a con=
tinuous jet of air., Both the Intake and the oxheuast velvos were
blocked opon and, with tho engino not rumning, air vms blowm
through tho cylinder cnd nozzlo into the targots Temperaturo
and total prosasure wero mecsured in the pipe ahoad of tho nozzle.
From those measuroments and the flow of air through tho Roots
motor, it was possible to calculate tho thrust of the jote It
was found that the thrust indioated by the turgut vms cbout 95
porcont of tho thcorcoticnl. No mothed ves aveilable for making
e similar ohook with discontimuous flow, so that it was ncocssary
to assume that the target would indicuts the mecn of a pulsating
forev with equal acocuracy.



* When making tho tests, tho enginoe was run at constant speed
a1 d the intake-nort pressure was varled from 30 inchos of mercury
absolute to the detonntion 1limit for pursult grade fuele Com=
ditions of operation were as followsi

Engino spoed, I'DM a o ¢ ¢ ¢ o s« « o o o 1500 2550 2700
Fuel-alr ratio s s o ¢ e o o o o o o s 0065 0,085 0,085
Inteko-air tomperature, OF v i e e 200 200 200
Roar spark~plug temperaturs, OF « ¢ 450 500 500

The tests ocovorod a period from July 25, to Novembor 10, 1942,

ANALYSIS OF RESULIS

Thrust against Nozzle Area and Stack Longth

The exhnust gos thrusts for wvarious combinatlons of nozzles
end straight exhoust stacks aroe shotm in figures 3 to 12. Those
curves cover a range of specds from 1500 to 2700 rpm, and a

range of intoko-port pressuros fram 30 to 57 inches of meroury
cbasolutaoe

It is apparent from those figurca that thoe thrust imay be
inoreased by roducing the exit area of the unozzles Lowever, if
tiie nozzle aroa is mndeo extrcmoly small, the thrust moy bo
dcorocged beoausc of reduced air oomsumption of the englnoe
Thic offoct 1s groater at high ongine power and does not apvoor
ct all in tho runs at 1500 rpm.

The thrust is more sensitive to variations of nozzlo aroa
whon the exhoust pipe 1s short, For example, compare figures 3
and 8 for pipo longthas of 14 and 50 inches, rospsotively. If
the pipe oxit is not rostricted (467 sq. in.), the long pipo
producos a groeator thruste As the exit area is decreased, tho
thrust of the long pipe inorecases very little and finelly falls
off at an exit area of 1 square inche The thrust of the short
pipe, however, increases rapidly as the oxlt erca ls decrcased
and rises above tho thrust of tho long pipce This trend is showm
difforontly os ocurves of thrust agninst staok length in figures
11 and 12, Hero 1t is apparent that Incroasing the stack length
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causos anr inoreaso in thrust if the exlt aron iz largo = a
doorecse in thryst if thoe exit arca is smalle

Engine Power agaelnat Nozzlo Arca and Stack Length

Figuros 3 to 12 also contain plots of engine powore It is
evident thit when the nozzls arsa 1s reduced below a ocertain
walue, a sorious loss of engine powor rcsults. Thls oritiocl
value of nozzlc areca dopends on tha engino speod and intokew
port pressura end, vrohably, on tho baok prossures At 1500 rpm
and 30 inchos of moeroury intake-port pressure (figse 5 and 10),
the critiocal nroa is evidortly less thon 1 square inche At
2550 rom and 30 inches of morcury (figs. 4, 7, and 9) tho
critical area is chout 3 square inchess, Of partiocular lmportance,
howover, is the faot that for running at 2700 rpm at inteko=port
pressures above 40 inches of moeroury, tho critiocal ares is
evidontly grenter than th: aren of the unrestrictod stack (figse
3, 6, and g). AL these wuluos of ergire power, any reductlon
whatevor of oxit arca causes approciabls power loss.

The offoot of exit area on power ls also rolated to tho
longth of pipe botwoen tho oylinder and nozzles In figures 1l
and 12, thc followlrg trords may b ohserveds If tho exit is
not rostricted, the lorgtli of pipe (up to 50 ins) has no effeot
on powore When the exit arnua is modoratuly roduced, there is e
critionl length of vine abowve whioh power drops rapidly. This
critiocl length is maoch woru apparont when ongine power is high.
If the exit urea 1s wade cxtremely small, the =ffoet of longth
is revorsed; that 1ls, powcr ineorcnsces with inereasing longthe

Tecats of Various Shapos of Stacks

In addition to straight stooks with nozzles ot ths exit, a
number of other shapes worc toestod.

Branchod stackss = It ig usually ivpossiblc in nn airplone
to provide cs many oxhaust outlets as thors are oylindors,
Consoquently, 1t is oustomry to conncot the exhaust plpes from
alternntely discharging oylindors into n common outluots To
sirmlate this practico, tosts wero mnde of o number of branched
pipes to dotermine their offset on power and thruste These
pipes arc shown In figure 24 The added brunchos were olosed at
the ond to simulate the closcd oxhaust valve of tho alternntely




dischsrging cylinders The results are shown in figure 13, The
effeot on thrust vams negligible. The effect on power, however,
was a slight, but oonsistent inoreace for stacks 2 and 3 When
the branched stacks  were replaced with a short single staock the
power dropned back to its original values There is apparently
gome quellty about branched pipas whioch gives a slight power
increeses It may be thet a columm of gas is oompressed in the
branck durirg the first part of the discharge pariod, which
later aots as the primry fluid in an ejector to suck gas out

of the oylinder during the latter part of the periods Whether
or not the presence of an elternately discharging cylinder would
ohange the resvlte is not kmown. There can bc little doubt that
thrust would be doubled whon two nonoverlapping oylinders are
oornected to one outlete At least, it seems 1liiely that branched
stacks attached te nonoverlapnping cylinders of an engine would
not be detrimontal either to power or to thrust.

Loag restrioctionse. =~ An exhaust pipe, restrioted for most
of its length, has been recomended es & flame suppressors
Although fleme observations in this aprnarntus were moaningless
becuuss of tho prcsence of the tergot, two of this type of pilpo
wore tested for their effect on thrust eand povers These plpes
are shown in figure 2. In eagh, the restriotion extended from
a point 8-3/4 inches from the oylindor to the exit, 50 inches
from the oylinderes The results are shovn in fimuro 14 The
offoot oo oower wus sbout tho samo as the effect of a nozzle of
the same areca at tho end o. a 2.44=inch-dismoter pipee The
thrust, hovrevor, vwes incroased 2spreciably. This inorease does
not geem logical, bat it was nbserved oconsistently over a wide
rangs of intalke=port pressur:a.

Diffusing pinoe = On many of the Rolls-Royce installatlons
the exhaust gns pcsses through an eunlarged chamber boforec enter=
ing the no=zzlease, A similar arrangouaent was tested in this
apparatuse It wus made in the form of a gradually expending
soction, followed by the nozzlce (Sce fige 2.) The results are
shown in figurc 13, The effooct on thrust vms nogligiblee The
powor, however, aprpenrs to have been slightly lncrsasoad.

fater injeotions =~ The offegct on thrust of injecting water
into The intake wus determined for one of the long~throat
nozzles. Yater was injected comtinuously into tho intake nipe
through a spray nozzle at & rote oqual to 35 percent of the fucl
rates Othor rumming condiitions werc not changede Tho rosults
aro showvn in figure 15. It will he sson that the addition of




weter ocauscd a slight loss of powor, at the same manlfold
prossure, and a slight inorsaso in thruste The thrust obtained
in this run was remarkably high, reaching a maximum of 29 pounds
at the detonation limit, The inorcase in thrust was greator
than the inoreasc in mess flow, due to the eddition of -mtor.

GEITERAL DISCUSSICH

Seloction of nozzle cizes = Brhaust nozzles should bo
designed so that the total thrust power delivered by tho propcllor
and exhaust =7as is & maxinmums Tho dosign condition will usually
be lovel flirxht at oritiocal eltitude at normal or military powere
If only this ono flight oomdition is considerad, 1t will often
appear dosirablo; oxpsciully abt normal power, to rostriot the
exit In ordor to goin ir cxhtust gra thrust at tho sacrifiice of
1ittlo or no propellor po: ore

However, if the nozzle arza 1s cheson or this basis, the
airplance perforanso mey te soriously impaircd at lowcr epeeds
at nilitary power, such ar in take-off and climb. Thoroforo,
it is necessary to comyro+iss in tho arona o” the nozzles., Those
tcats Indlcate that the bust canpiomise willl usually be no
restriction whatevor at the stool exit. This conoluslon is
particularly erplionblo to long exhnust staoks, where the goln
in thrust duz to a rednoction of aros could not offset the loss
of engiro powcr at military rating, oven at hizh speod.

Povier incroasc duo to exhaust thrusts = The pover which the
exhaust-gas thrust delivers to the wnirplaro is simply the produst
of ths thrust and thc airplane vclocity. For exemple, an
unrestricted stuck 50 inchos long produces a thrust of 15.6
pounds at soca lovel at military power (fige 6), or 280 pounds
for the mlticylindor cngine. At 400 miles per hour, this thrust
would nroducc 300 horsupower. !No ongins pover has been lost,
so thnt the net gain in thrust power is 300 horsonowers If
propeller efficienocy is 80 perconrt, and the ongine is dslivoring
2000 horsapower, tho net goin is 18 peroents. Much greater gains
may he cxpeoted nt sltitudes




Baok Pressuro

The oxhnust back pressure, as mecasured by a monomster con=
naocted to an exhnust pipo ncar a oylindor, has boen used as a
gtandard in thc dosign of colloctors and for comparing englne=-
powor losses. ' Therc are two roasons why this ronsurement should
not bo useds First, it is gonerally impessible to noasuro tho
mean of o rapldly verying pressurz with o monometore 1In previous
tests mado by the United Airoraft Corporntion (Rope R=54, Febe
1941), a manometor mecsurament of mezn oxhaust prossure was
compared with the truc wmwan obtained by integrating en indicator
oard; the error was over 700 purconte 8econd,oven if the mano-
neter did indloato the Lrue renn, it still would be o poor
oritorion for compering englno power losses becauso the power
lose doponds on the beck praossurc during the last part of the
oxhoust stroko, and not on tho moan pressures

Baok prossurcs wero roasurad in these tests in the
custonary mannsr by < moroury renomotor oonnectod to the oxhaust
plpe ncar the oylindore 8oroe of tho results are shovm in figuro
16 It will ba observed thet the same powcr loss or thrust my
b3 obteoined at rany differerit walues of back pressure, dopending
on the sizo and shaupe of the oxhnust staocke Conversoly, v glven
valuo of back pressura may correspond to widoly diffcront values
of thrust ard power loss far diflar:nt stacks. For excrwle, at
a back prossuro of le6 inches nf meroury, the powor loss is zoro
for the 50-inch stnel: with no restriction, and 5 pearocat for
the l4=inch stack vith an oxit area of 2,9 squorc inchose The
rispootive thrusts arc 15.6 pounis and 17.C poundss

Poaramoters

In reforonce 1 it wns possible to correlete o largo number
of test points for vnrious nozzles, engine spocds, intako~port
pressuros, and exhoust pressures by tho use of two pcramotors
whose units arc foot per scoonds Theso paranetors ares

Hoon exhaustezns jet volooity ¥, and the function BP‘_A.
M
V, thrust/(ncss flow of oxhoust), foot pcr second °

P, atnosphoric pressure, pounds per square foot



A nozsle area, square feet

Ke nass flow of exhnust, slugs per second
The rieen exhaust-ges Jeot veloolty reprecents the equivalent
steady velooity which would produce the observed thrust at the
sane rass flows The seoond parameter is the reciprocal of the
expression for veloolty in the contimuity equation (with the
addltion of gravity and the cualssion of temperature and the gos
oonstant). When these prrarmeters were plotted agninst each
other, the points in reference 1 all fell on c smooth ourve.

When the date from the Pratt & Whitnoay tests are plotted
in this way, the points for difforent lengths of exheust pipe
should full on separnte curves because of the observed differences
in thruste Plots are shown in figures 17 and 18 for pipe lengths
of 14 inchos and 50 inohes, respectivelys The plotted points
oover speeds fron 150C to 2700 rom, and intoVie=nort prossures
from 30 to 57 inches of nerocury nbeslute., The voints for the
respective pipe lengths will bo seen to full fairly near two
separate curves, similar to the ocurve in reference les If indi-
vidual ourves are drawn through the date for cach speed and
nozzle, it will bc observad that rost of tham oross the mean
ocurvee At high powors theyv even tend to hook and rovetse their
directions The diruction in vhish they cross the mean curve
evidontly depends on thc length of pipae Tho individual ocurves
for thoe l4=inch »ipos tond Lo be noro necrly horizontal then the
aean ourve; for the 50-inch vipe they are moro nearly vortioals
The foeot that the tosts of rofercence 1 were mode with an
intermediate longth of pipe moy cuplain why better corrslation
wus found.

Tho wvnlue of o plot of this typc 1s that it onohles tho
user to doternine the thrust for given wvnluas of nozzlc aren,
altlitude pressurc, and exhcust mass flowe Howover, untll 1t
is oonfirmod by mworo extensive testing, it should bc used with
caution for extrame conditionss In refercnoc 1 excollent
corraolation was found at low ongine power and ot oxhaust prossures
fron 30 to 12 inches of nmcroury absoluice The Pratt & Whitncy
tests at sca~-levol cxhrust prossurc and high cngine powor give
only fair correlrtione Just how woll thcse curves would ropresent
the thrust at low exhunust pressurc cnd high cngine powor remains
to bo loarneds



CONCLUSIONS

-

l. Tho thrust produced by an exhaust nozzle for givon
engino-operating conditions depence on its exit area, the
longth of pips between the oylinder and nozzlc, and on the
longth of the roduced=area scction of the nozzlo.

2+ Tho effact of an oxhaust nozszle on engine power
doponids on 1ts exlt arcs and the lemgth of plpe between the
oylinder and nozzlee

3« By a proper choloo of exhaust-plpe longth and nozzle
8izo, 1t 1is possible to produce & forco egquivalent to a con-
tinuous thrust of approxim:tely 15 pounds per oylinder at tho
prosent nilitary rating of the R=2800 engino at sea level
without any loss in ongino powers At 400 niles per hour, this
anounts to 300 horsonower. OGroater thrusts may be oxpocted
at altlitudes

4. In genoral, restricting tho staock outlet does not
appear to bs ndvisable boecause of the adverse offoot on toko=
off powore

S¢ At a given ranifold precsure, thc injeotion of water
into the intake pipe cnuses o slight incrcasce in exhaust gas
thrust.

6« The practice of joining exhaust stuoks from none
overlapping cylindors into a cormon oxit appenrs to bc oentircly
satisfrctory. Thore is somz cvidencs that this system may
actually incromso ongine powors

Te Tho mooan oxhaust back pressure, as moasured by & mano-
mctor in an individual staok, does not dotermine oeither the
thrust or tho onginc nower loss.
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RECOMMENDATIONS

Since tho only awnilable datz for predieting exhaust
thrust and power loss at altitude are based or tests of a Wright
1820 coylinder at low specifiec cutput (rofercnec 1), it is
rocourmcnded thrt tosts of nn R-2800 oylinder at high specifio
output bo oconductcd under altitude ennditlons, similer to the
gson=~lcvel tecsts rcvorted hurein.

Rosonrch Division,
United Alroraft Corporotion,
Bast Hartiord, Conna

ROFEATNCE

le Pinlkel, Berjnmin, Turncr, L. Richard, and Voss, Frods
Dosign of Nozzlos for the Imdividuel Cylinder Exhaust
Jot Propulsirn Systom. NACA AZR, April 194l.
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